In this work the approach for producing thin-layer chromatographic plates with monolithic layer of silica was proposed. The conditions of silica monolith synthesis were optimized by investigation of effects of different catalysts on the properties of obtained materials and addition of drying control chemical additive. The carrier for silica monolithic film was chosen and the method of surface modification was proposed. The properties of obtained monoliths were studied by FTIR and scanning electron microscopy (SEM). Produced thin-layer plates with monolithic layer of silica were successfully used for separation of test mixture of dyes.
INTRODUCTION
Creating of nanomaterials, e.g. nanopowders, nanotubes, nanocrystals, nanofilms etc., is one of the most important directions of material chemistry today [1, 2] . Sol-gel technology is useful and flexible method for preparation of nanomaterial with different properties [3] . Sol-gel technology can be applied for obtaining of ceramic, glassy, films, powders, fibres and membranes, porous monolithic materials with ordered distribution of nanopores, hybrid organicinorganic materials, which contain inclusions of oxides, metals, organic fragments or special additives in form of pigments, luminophores etc., because of the opportunity to control properties of synthesized materials [1, 2] . The useful properties of materials could be modified by controlling of the structure of materials on the molecular level that is important for providing of homogeneity and reproducibility of nanomaterial properties.
In analytical chemistry nanomaterials are used in separation sciences, sample preparation and test-methods of analysis [4] [5] [6] . Many scientific groups are working under the problems of creation and investigation of new materials, and fields of their application are discovered every year. That is why developments in this branch correspond for the most modern tendencies of material chemistry progress.
Application of monolithic materials in chromatography resulted in revolutionary improvements of well-known methods [6] . New monolithic stationary phases, which structure on micro-and nanolevels could be changed during sol-gel process led to development of fast analytical methods, allowing the separation of complex mixtures of analytes.
*Address correspondence to this author at the Department of Chemical Metrology, Kharkov V.N. Karazin National University, Svoboda Square 4, 61077 Kharkov, Ukraine; E-mail: boichenko@univer.kharkov.ua Silica monolith is the solid continuous block of porous material with bimodal distribution dimensions of pores (macropores and mesopores). The creation of such material by sol-gel method on the beginning of 1990 initiated industrial production of monolithic columns on the basis of silica for high-performance liquid chromatography [7] . Due to very high permeability and efficiency, if monolithic columns are used, high speed of mobile phase without deterioration of separation quality could be achieved [8] .
The first attempts to create and apply monolithic layers of silica for thin-layer chromatography separations were published 15 years ago [9] . However, only in 2002 were officially announced the origin of new mode of planar chromatography -ultra thin-layer chromatography (UTLC), in which the thin monolithic layers of silica were used for analyte separation [10, 11] . On plates with thin monolithic layer of silica the test analysts are separated on a distance 1-3 cm that is much lower than in traditional thin-layer chromatography (TLC) [10, 11] . Time of separation shortens up to 1-6 min and the volume of mobile phase decreases in 50-100 times [10, 11] . Now such plates are produced by Merck (Darmstadt, Germany), but this mode of chromatography did not get wide application, and its advantages were not fully investigated [12] . The reasons are (i) commercially produced plates are expensive; (ii) the conditions of ultra-thin layer chromatographic plates are unusual for traditional thin-layer chromatography. The commercial ultra-thin layer chromatographic plates now are used for analysis of small molecules with detection by using atmospheric pressure matrix-assisted laser desorption/ionization mass-spectrometry [13] [14] [15] [16] .
Recently original method for preparation of nanostructures thin layers of silica based on precipitation of pulverized substance by using special technique was offered [17] . Thinlayer chromatographic plates with monolithic porous polymer layer were developed for separation of large molecules: peptides and proteins [18] .
The forming of films is a traditional area of sol-gel technology. However, producing monolithic layers for TLC presents specific difficulties: the creation of material with appropriate thickness and pore structure, prevention of monolith cracking, and fixing thin layers on a carrier [9] . Methods of producing bulk monolithic columns could not be applied to preparation of monolithic layers for thin layer chromatography. Moreover, many authors have tried to reproduce published methods of monolith column preparation without success [7] .
The aim of this work is an optimization of conditions of sol-gel synthesis of monolithic layers of silica, its fixing on the carrier and application of obtained plates for separation of test mixture of analytes.
BASIC STAGES OF SOL-GEL SYNTHESIS AND THEIR EFFECT ON THE PROPERTIES OF MONOLITHIC LAYERS OF SILICA
Reactions of polycondensation of silicic acids are fundamental reactions in synthesis of nanostructural silica by sol-gel method. The kinetics of this reactions controls formation of interface between phases near transition of true solutions in sols that determine the properties of gels and structure of final material [3] . The most common precursors in the sol-gel process are tetraalkoxysilanes, e.g. tetraethoxysilane, Si(OC 2 H 5 ), and tetramethoxysilane, Si(OCH 3 ), which are abbreviated as TEOS and TMOS. Monolithic material preparation by sol-gel process consisted of the following stages: Stage 1. Hydrolysis of precursors, which occurs by the nucleophilic attack of oxygen contained in water on the silicon [1] . The rate of hydrolysis decrease up to pH 7 and increases from pH 7 to highly basic conditions [1] with a minimum around pH 7. Hydrolysis is rapid and complete when catalysts are used, e.g. + and -, ammonia, amines and another bases (N-methylimidazole or dimethylaminopyridine), KF and HF. Mechanism of hydrolysis includes the formation of hyhpervalents intermediates of silicon [1] .
Stage 2.
Forming of the sol. The sol must be deposited on the surface of the carrier.
Stage 3.
Polymerization of monomers to form colloid particles and growth of particles. Speed of polycondensation depends to a great extent on the pH of the reaction solution and the catalysts used [3] . The minimum speed of polycondensation is observed at pH values around the isoelectric point of silica: pH 1-3. Colloidal particles cooperate by formation of covalent bonds that result in the creation of a three-dimensional net [19] . The main requirements for a monolithic layer of silica sorbent for thin-layer chromatography are following: sufficient thickness and porosity, homogeneity and mechanical stability, and the absence of cracks and exfoliation from the carrier. Analysis of the abovementioned stages leads to the following parameters which must be optimized for obtaining thin-layer plates with monolithic layer of silica: nature of solvent and precursor, type of hydrolysis (acid or alkaline), catalyst and other improving additives (stage 1, 2); material and surface modification of the carrier (stage 3); duration of stages and effect of temperature (stage 3, 4); temperature regime and speed of drying (stage 5).
REAGENTS AND EQUIPMENT
Tetraethoxysilane (TEOS) and tetramethoxysilane (TMOS) were used as precursors. Analytic grade acetic acid, urea, ammonia, hydrochloric acid; toluene; solution of hydrofluoric acid (25 % by weight) from Ukrainian suppliers were used as catalysts. Polyethylene glycol (PEG) with average molar weight 1000 was from Fischamend, Austria. Cetylpyridinium chloride (CPC) (98.6 %); sodium dodecyl sulfate (SDS) (94.6 %); methanol (96.6 %); ethanol (96.6 %); N,Ndimethylformaldehyde (DMFA), Tween-80 were from Merck, Germany. The dyes: bromocresol purple, bromocresol green, brilliant green, methyl yellow, phenolphthalein, methyl red, and neutral red were of analytical grade. The solution for glass etching (NH 4 F: HF 68:32 by volume) was used for surface treatment of the glass carriers. A Muffle furnace and a drying box were used for heat treatment of the monolith. The 10 4 cm glass plates, aluminum foil and polyethylene terephthalate were tested as carriers of monolithic layers. The volume of reaction mixture on the surface of carrier was regulated by thresholds that were placed on the perimeter of the carrier. The structure of monolithic sorbents was investigated by using a scanning electron microscope JSM-840. Infra-red spectra were collected on a Thermo Nicolet Avatar 360 FTIR spectrometer.
RESULTS AND DISCUSSION

Selection of Carrier for Monolithic Layer of Silica
One of the important factors in preparation of plates for thin-layer chromatography is the considerable adhesion between carrier and reaction mixture. The three different carriers, which are often used in traditional thin-layer chromatography, were tested: aluminum foil, polyethylene terephthalate and glass. The reaction mixture, which often consists of TEOS or TMOS, solvent (short chain alcohol) and catalyst, creates individual drops and does not spread on the aluminum foil and polyethylene terephthalate. Insufficient spreading was observed also on the surface of glass, but the results were better than for other carriers.
The spreading of the mixture could be improved by reducing of surface tension by addition of surface active substances (surfactants). Three types of surfactants were tested: anionic -SDS, nonionic -Tween-80 and cationic -CPC. Only additives of CPC improve the spreading of reaction mixture on the glass plate. In all the following syntheses the solution of CPC was added to reaction mixture to create concentration 7·10 -3 .
The next stage was the surface modification of glass carrier. The glass plates were treated by 7 M sodium hydroxide solution, which results in a more even distribution of reaction mixture on the surface of the glass. However, promising results were obtained after treatment of the glass plates with mixture for glass etching with high concentration of ammonium fluoride and hydrofluoric acid. Such surface modified glass has been used later as carriers for monolithic thin layer of silica.
OPTIMIZATION OF THE CONDITIONS OF SILICA MONOLITH SYNTHESIS
The methods of monolithic layers of silica synthesis by acid and base hydrolysis of precursors described in literature [9, 20] , were tested and modified. The basic aspects of methods, changes that were made and results are presented below.
Method 1: 1 ml of S, 0.5 ml of 0.01 acetic acid, 54 mg polyethyleneglycol, 30 mg urea, CPC and 0.2 ml of methanol were mixed and then stirred during 40 minutes. The reaction mixture was distributed on the surface modified carrier and dried at room temperature during 24 hours. Then the plates were dried 2 hours at 300 °C. The obtained layer of monolithic sorbent was not transparent; it also cracked and exfoliated from the carrier.
Method 2: 0.5 ml methyltrimethoxysilane M S, 1.5 ml of methanol, 0.18 g of bromocresol purple (BCP) in acidic form were mixed according to Ref. [9] . We have tried to modify this method by replacing methyltrimethoxysilane with tetramethoxysilane. The CPC was also added to this reaction mixture. An 11 M solution of HCl was added to the reaction mixture. The mixture was energetically stirred for 4 minutes and then 0.2 ml of the mixture was distributed on the glass carrier. Then the plate was dried for 24 hours at room temperature and finally washed with ethanol. Unfortunately the BCP could not be completely washed from the layer of sorbent and the obtained monolithic layer is not appropriate for practical use. The obtained sorbent was also red due to presence of BCP, monolithic layer of sorbent cracked and exfoliated from carrier.
Method 3:
The bromocresol purple was replaced with colourless in acidic environment dye -phenolphthalein. The reaction mixture consisted of 0.6 ml of E S, 1.5 ml of methanol, 0.18 g of phenolphthalein, CPC and 3 drops of 11 HCl was stirred during only 4 minutes due to fast polymerization and transferred on the carrier, dried 24 hours at room temperature. Then temperature was increased to 300 °C and carrier with reaction mixture was aged at this temperature 120 minutes. Obtained layer of sorbent was turbid, but cracked and exfoliated from carrier.
Method 4:
The drying control chemical additives (DCCA) were proposed in 1984 to avoid crack formation during the drying of gels [1, 21] . The one of the useful DCCA, which was proposed in [22] , is dimethylformaldehyde. Dimethylformaldehyde was added to reaction mixture for prevention of monolith cracking. The DCCA displaced the water from the surface of the SiO 2 gel matrix [23] and reduced the differential drying stresses by minimizing the differential rates of evaporation and ensuring a gel structure with uniform pore and particle sizes [24] . Reaction mixture consisted from 0.8 ml of E S, 0.3 ml of solution with mass fraction F 25 %, CPC, and 0.4 ml of DMFA was stirred during 4 minutes, distributed on the carrier and dried for 40 ºC during 120 minutes. Then temperature gradually was increased to 80 °C and carrier with reaction mixture was aged at this temperature during 120 minutes. The white sorbent was hard, fastened on carrier and without cracks.
Method 5:
In the previous method the F, which could be catalyst of sol-gel process due to presence of H + and F -ions, was replaced with 0.2 ml of 1 HCl. Obtained layer of sorbent was hard, fastened on carrier and without cracks. Sorbent was transparent.
Method 6:
The method 4 was modified by changing CPC for a natural surfactant -gelatine. Reaction mixture consisted of 0.8 ml of TEOS, 0.4 ml of ethanol, 0.2 ml of 1 F, and 0.12 ml of 3 % (w/w) solution of gelatine was stirred 5 minutes, distributed on the carrier and dried for 24 hours at room temperature. Then the temperature increased to 300 °C and the carrier with the reaction mixture was aged 2 hours at this temperature. The obtained layer of sorbent was transparent, cracked and exfoliated from carrier.
Method 7:
The reaction mixture consisted of 0.8 ml TEOS, CPC, and 0.4 ml of 3 NH 3 ; ethanol was stirred during 4 minutes, distributed on the carrier and dried 2 hours at 40 ºC. Then the temperature was gradually increased to 80 °C and the carrier with the reaction mixture was aged 2 hours at this temperature. The white sorbent was hard and adhered to the carrier without cracks.
Thus, acid hydrolysis of TEOS in the presence of DMFA and CPC (method 4) results in homogeneous monolithic layers of silica without cracks, with good adhesion to the carrier. DMFA, in contrast to other solvents and organic compounds, which are used as additives for control of drying, successfully combines low surface tension and high boiling temperature. To reduce the speed of solvent evaporation at the stage of monolith drying, the carrier with the reaction mixture was covered by glass plate, which was removed after drying.
MONOLITHIC LAYERS STRUCTURE
The effect of the sol-gel process conditions on the structure of materials, which was promising for application of thin-layer chromatography, were studied by scanning electronic microscopy and Fourier-transformed infra-red spectroscopy (FTIR). The monolithic blocks of silica for these investigations were obtained by forming in the tube of 1 ml medical syringes. After drying, the monoliths were aged at different temperatures.
The structure of the product that was obtained by method 4 (Fig. 1) is similar to structure of silica monolith sample that was described in literature [9] . Porosity of material decreases from the centre of sample to its surface that was also observed by other authors [9] . The aging of monolith at a temperature 650 ° leads to decreasing of pore size (Fig.  2) . This process enhanced at higher temperatures (Fig. 3) . It is known that at 1050 ° the caking of silica is observed [1] . Method 7 of alkaline hydrolysis leads to obtaining of material with macropores (compare Fig. 2 and Fig. 4) .
The monolithic samples studied by SEM were also studied by FTIR-spectroscopy. Samples of monoliths were triturated in agate mortar with KBr and then tablets were formed. In Figs. (5-8) the spectra of monoliths synthesized by method 4 and dried at 80 °C (Fig. 5) or 650 °C (Fig. 6), Fig. (1) . Structure of silica monolith synthesized by method 4 and dried at 80 ºC. and synthesized by method 7 and dried at 80 °C (Fig. 7) or 650 °C (Fig. 8) are presented. The wide band of absorption at 3400 cm -1 , where different isolated and protonated groups SiO-H absorbs as well as hydrogen bonds of water, is observed on spectra of all samples. The silanol groups absorb at 960 cm -1 and 1600 cm -1 [25] (Figs. 5, 7) . A decreasing of number of silanol groups is observed if the temperature increases (Figs. 6, 8) . The aging of silica monolith at 650 °C results in collapse of silanol groups on the surface of monolith, which is important for their application in thin-layer chromatography (Figs. 6, 8) . It is interesting that qualitatively it could be concluded that number of silanol groups on the surface of monolith synthesised by alkali hydrolysis (method 7) is higher than on the surface of monolith synthesised by acidic hydrolysis (Figs. 5, 7) . Fig. (5) . FTIR-spectrum of silica monolith synthesized by method 4 and dried at 80 °C. Fig. (6) . FTIR-spectrum of silica monolith synthesized by method 4 and dried at 650 °C. Fig. (7) . FTIR-spectrum of silica monolith synthesized by method 7 and dried at 80 °C. Fig. (8) . FTIR-spectrum of silica monolith synthesized by method 7 and dried at 650 °C.
APPLICATION OF OBTAINED THIN-LAYER CHRO-MATOGRAPHIC PLATES WITH MONOLITHIC SILICA FOR SEPARATION OF TEST MIXTURE OF DYES
Thin-layer chromatographic plates with monolithic film of silica synthesised by method 4 and 7 were used for separation of test mixture of dyes. The mobile phase consisted of methanol and toluene (20: 80 v/v) was used for separations. The usual chambers for thin-layer chromatography with previous saturation by components of mobile phase were used. The chromatograms were digitized by using digital camera Canon 570. Then, chromatograms were treated by Adobe Photoshop 7.0 program for construction of densitograms. Fig.  (9) presents chromatograms and densitograms that were obtained for separation of dyes brilliant green and neutral red on silica monolith synthesized by method 7. The full separation of dyes was observed on distance 1 cm. The time of separation was 5 minutes. However, spots of dyes have had irregular form and efficiency of separation was low (Fig. 9) . This could be explained by more wide pores distribution for monolith synthesized by method 7 and their inhomogeneity. Better results of dyes separation were obtained on monolithic sorbent that was synthesised by acid hydrolysis (method 4). Chromatogram of separation of bromocresol green, methyl red and methyl yellow is presented in Fig. (10) . Test mixture of dyes were fully separated in a distance of 1.5 cm in 7 minutes. Spots of dyes have a regular form and the forms of peaks on densitogram are symmetrical.
During the investigation of properties of obtained chromatographic plates with monolithic sorbent an important practical property was discovered. Chromatographic spots could be washed from the plates by mobile phase and after drying at room temperature, so that the thin-layer chromatographic plates could be used again for separation. Results of dyes separation had a good reproducibility even after 3-4 cycles of chromatographic plates regeneration. 
CONCLUSIONS
In this work the method of obtaining of thin-layer chromatographic plates with monolithic silica sorbent was proposed. The method consisted of the sol-gel synthesis of monolithic layers of silica by acid hydrolysis of TEOS with HF as catalyst and additives of dimethylformaldehyde, cetylpyridinium chloride and ethanol as solvent, distributing of reaction mixture on glass carrier and drying of monolith. The surface of glass carrier was initially activated by a solution of HF and NH 4 F.
Obtained plates with monolithic layer of silica were successfully tested on separation of test dyes. Obtained plates with monolithic layer of silica have next advantages in comparison to traditional plates for TLC: (i) high speed of separation; (ii) short distance, which is necessary for full
